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In the nervous system, ubiquitination plays important roles in synapse development and function and in the genesis of different neurodegenerative diseases. The accumulation of ubiquitin conjugates and/or proteasome-associated inclusion bodies has been reported in a broad array of chronic neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, Huntington's disease, and spinocerebellar ataxias (7, 19, 33, 42) . Most importantly, the observation that mutations in the components of the UPS (i.e., Parkin and UBE3A) result in neurological dysfunction and neurodegeneration clearly demonstrates the importance of this pathway in nervous system development and function.
We previously identified the mutated gene in ax J mutant mice as the deubiquitinating enzyme Usp14 (68) . These mice exhibit severe tremors by 2-3 wk of age, followed by increased muscle wasting from 3 wk onwards resulting in hindlimb paralysis and death by 6 -8 wk of age. We also demonstrated that ax J mice exhibit defects in synaptic transmission in the central (CNS) and peripheral nervous systems (PNS; Ref. 68 ). In the ax J CNS, short-term synaptic plasticity was altered at the Schaeffer collateral synapse in the hippocampus. In the ax J PNS, a significant reduction in the frequency of spontaneous release and quantal content was observed. Subsequent studies (16) have demonstrated that loss of Usp14 destabilizes ubiquitin pools and causes a developmental block in the structural and functional aspects of the neuromuscular junction. It is not clear if the observed block in neuromuscular junction (NMJ) development in ax J mice is caused by reduced protein degradation secondary to ubiquitin deficiency or if other ubiquitin signaling pathways, such as vesicular transport and receptormediated endocytosis, contribute critically to motor end plate function in the ax J mice. These phenotypes could be rescued by expressing Usp14 exclusively in the nervous system, indicating that the neuromuscular defects were caused by nervous system dysfunction (18) and also indicating that synaptic ubiquitin pools are particularly vulnerable to fluctuations in ubiquitin stability due to their remote location away from the site of ubiquitin synthesis (16) . In adult mice, lack of Usp14 causes reduced size of the free ubiquitin pool and abnormal neuronal activity, indicating that USP14 is required for maintaining ubiquitin levels in the adult nervous system (4, 39, 64, 68 ) . A consistent dysregulation of synaptic transmission in response to UPS malfunction is reported to contribute to several neurodegenerative diseases (20, 60) . Recently, restoration of neuronal ubiquitin by transgenic complementation prevented the neuromuscular disease resulting from the lack of Usp14 and restored synaptic transmission at the NMJ, showing that ubiquitin homeostasis is an important component of synaptic function (17) . These data indicate a critical role for ubiquitin homeostasis in synaptic development and function, which may contribute to diseases characterized by synaptic dysfunction.
Ubiquitination of inhibitory GABA A receptors (GABA A Rs) has recently been shown to be activity dependent and to regulate synaptic GABA A R accumulation (58) and suggested that Usp14 directly participates in the regulation of synaptic GABA A R turnover (39) in CNS. These results suggest the UPS may be necessary for normal neurotransmission to occur in the adult CNS and PNS.
Thus it is important to further explore the mechanisms underlying the abnormal neurotransmission and extensive muscle wasting observed in ax J mice; we now report multiple functional defects at the neuromuscular junction resulting from loss of Usp14 expression. In this study, we found that repetitive stimulations resulted in profound synaptic depression. Combined electrophysiological and FM dye labeling studies suggested that there was an inability to mobilize a sufficient number of vesicles at high but physiological rates of transmitter release. These studies further define the role of ubiquitin signaling in the regulation of neurotransmitter release and synaptic transmission.
MATERIALS AND METHODS

Animals.
Homozygous ataxic mice (ax J ) display reduced levels of the deubiquitinating enzyme ubiquitin-specific protease Usp14 as a result of the insertion of an intracisternal-A particle into intron 5 of Usp14 (68) . Wild-type littermates and ax J mutant mice of 5-6 wk of age were used throughout this study. All handling of animals and subsequent experiments followed the animal care and use protocols established and approved by the Institutional Animal Care and Use Committee (Northwestern University, Chicago, IL).
Electrophysiology. All experiments were carried out in vitro at room temperature on phrenic nerve hemidiaphragm muscle preparations of 5-to 6-wk-old ax J mice and their wild-type littermate controls. The diaphragm muscles were chosen because these muscles are functional in ax J until death (Ͼ8 wk). Mice were deeply anesthetized with isoflurane before dissection of the diaphragm muscle. The muscle was perfused with Tyrode's solution (137 mM NaCl, 2.8 mM KCl, 1.8 mM CaCl 2, 1.1 mM MgCl2, 11.9 mM NaHCO3, 0.33 mM NaH2PO4, and 11.2 mM dextrose pH 7.4 when bubbled with a mixture of 95% O2-5% CO2) at 30°C. Intracellular potentials and currents were measured using glass microelectrodes filled with 3M KCl of 10 -15 m⍀ resistance and with an Axoclamp-2A amplifier system. With the use of a cut diaphragm preparation and twomicroelectrode voltage-clamp system (11, 22, 68) , synaptic currents, including miniature end plate currents (MEPCs) and end plate currents (EPCs), were obtained at Ϫ70 mV holding potential. The currents were digitized at 50 s per point and stored, captured, and analyzed using pClamp9 software (Axon Instruments).
EPCs were elicited by stimulating the corresponding phrenic nerve with rectangular pulses of a 0.05-ms duration. During single shock stimulation, the nerve was stimulated at 0.2 Hz, and during tetanic stimulation, it was stimulated at 20, 50, and 100 Hz for 0.5 to 2 s. The amplitude decay and time-to-peak of the EPCs and MEPCs were captured and subsequently analyzed with pClamp9.0 and MiniAnalyses program (Synaptosoft). The "rundown" of EPC trains was defined as the fractional decrease in EPC amplitude from the peak response to the plateau (mean of last 10 responses). The quantal content in a train was determined by dividing the first EPC amplitude or plateau EPC amplitude of an high-frequency stimulation (HFS; 50 Hz) train by the MEPC amplitude recorded just prior to the train (11, 29, 68 ( 63, 68 ) . PPF index (P 2/P1) was obtained by comparing second (P 2) and first EPCs (P1) averaged over 10 trials.
Nerve action potential studies. Conduction properties of myelinated axons were examined in acutely isolated sciatic nerves from ax J mice and their littermate controls. The proximal end of the nerve was stimulated, and the distal end was used to record the compound action potential (CAP). Microelectrodes were back filled with 2-3 M KCl. The preparation was super fused with Tyrode's solution, and voltage outputs were monitored using an oscilloscope. Response to lowfrequency stimulation was assessed at 0.2 Hz, while response to high-frequency train stimulation was assessed at 30 Hz. Automated analyses of peak and latency were performed using pClamp9 software.
Immunostaining studies. For the immunohistochemical studies of diaphragm acetylcholine receptors, mice were anesthetized with ketamine and xylazine. Mice were then perfused with PBS, followed with 2% paraformaldehyde. Hemidiaphragms were dissected out and further fixed with 2% paraformaldehyd and then washed with wash buffer (PBS containing 1% Triton X-100) three times at room temperature for 15 min. Hemidiaphragms were then blocked with 2% (wt/vol) BSA and 4% goat serum in wash buffer for 1 h. To label the acetylcholine receptors (AChRs), samples were incubated with 1 g/ml ␣-bungarotoxin-conjugated with tetramethyl rhodamine for 1 h. After being washed three times at room temperature for 15 min with wash buffer, samples from Thy1-Yfp mice were mounted in PBS containing 50% glycerol and imaged by confocal microscopy. Images were digitally acquired using an upright Olympus BX51W (Tokyo, Japan) microscope equipped with a ϫ40 objective digital camera. Images were analyzed with the Metamorph imaging system (Universal Imaging, West Chester, PA).
Immunostaining for sodium and potassium channels and the contactin-associated protein 2 (Caspr2) and contactin proteins in the paranodal and juxtaparanodal regions was carried out with teased sciatic nerve preparations (10) . Sciatic nerves were removed from ax J mice and their wild-type littermate controls and fixed in PBS with 1-4% paraformaldehyde for 1.5 h. The nerves were then stored in PBS until teased. The sciatic nerves were placed onto a coverslip, and individual fibers were teased apart with a fine needle. The preparation was then dried overnight and treated with acetone at Ϫ20°C for 10 min. The coverslips were washed several times with PBS before being treated with antibodies against sodium channels, potassium channels, contactin, and Caspr2. Preparations were washed for 1 h with 0.1% Triton X-100 and then treated overnight with the following antibodies affinity-purified rabbit anti-mCNTN-Ig1-6 (1:500 -1:1,000; Ref. Optical imaging with FM1-43 and FM2-10 for vesicular loading and unloading. Synaptic vesicle dynamics in ax J mice and littermate controls were studied using the phrenic nerve diaphragm preparations described above. The nerve was taken up into a suction electrode, and synaptic vesicles were labeled by nerve stimulation in the presence of fluorescent styryl dye FM1-43 (6 -8 M) and FM2-10 (30 -50 M) solutions (Molecular Probes). FM1-43 reversibly binds to presynaptic membrane and becomes trapped within recycled synaptic vesicles during endocytosis-FM1-43 loading.
The protocol used was based on the differential staining properties of FM1-43 and FM2-10 to potentially identify two vesicle recycling pathways that selectively refill two functionally distinct vesicle pools (53, 54) . When stimulation and imaging took place, the simultane-ously immobilized diaphragm (FM dye experiments) was used after -conotoxin GIII B (2 M) treatment, which blocks Na ϩ channels in mouse muscle but does not affect the quantal release of acetylcholine (45) . A modified protocol was followed using the dye FM1-43 (54) to label both the "readily releasable pool" (RRP) and the "reserve pool" (RP),which together constitute the "total pool." Muscles were exposed to FM1-43 shortly before and during a 1-min, 30-Hz stimulation. Synaptic vesicles were allowed to take up the dye for 15 min before being washed by high Mg 2ϩ solution, resulting in bright fluorescence at the nerve terminal. A "quick wash" loading protocol (54) was used to label the RRP alone with FM2-10, which was applied just before tetanic stimulation (30 Hz) for 1 min and immediately washed off (9, 54) .
In both experiments, the washing (35-45 min) was carried out with a low Ca 2ϩ (0.05 mM) and high Mg 2ϩ (12 mM) Tyrode's solution. The images were captured (100 ms exposition) using a ϫ40 water immersion objective on an Olympus BX51W microscope equipped with an intensified Penta-MAX CCD camera (Princeton Instruments, Trenton, NJ) and controlled by MetaMorph software (Universal Imaging, Downingtown, PA; Version 5.0). The following filter sets were used for FM1-43 and FM2-10: (500 Ϯ 10 nm bandpass excitation filter and 515 nm long-pass beam splitter). In both cases, vesicular exocytosis experiments were conducted by washing the preparation for 5 min in normal saline (1.8 mM Ca 2ϩ and 1 mM Mg 2ϩ ) followed by trains of stimuli at 30 Hz, resulting in a loss of fluorescence. To image vesicle release, first we collected several control images. Next, we stimulated phrenic nerve for synaptic vesicle exocytosis while imaging. As vesicles containing dye exocytose, dye releases into extracellular space and quickly washes away. Any loss in fluorescence measured during stimulation is indicative of the rate and amount of synaptic vesicle exocytosis. For quantification of the fluorescence intensity of the staining, presynaptic terminals that are superficially located were selected from each hemidiaphragm preparations. The fluorescence of terminal was calculated in arbitrary units as average brightness of all pixels of the part (selected spots) of terminal after subtraction of background fluorescence (71) . The background is attributed to nonterminal FM dye, auto fluorescence, or image detector settings (26) . After this value was subtracted from the terminal fluorescence for each time point, fluorescence images were aligned and the outline of each selected terminal's area of interest was marked. Afterwards, the average fluorescence intensity of all pixels inside the outline was calculated. The same outline was measured after destaining, and the resulting data were converted into a percentage of dye loss. Time-lapse sequences for destaining were captured using the Metamorph program. Graphs and exponential curve best-fits were calculated using SigmaPlot 8.0 software (Jandel Scientific).
Statistical analyses. All data were analyzed by ANOVA or independent Student's t-test using either Excel or Sigma plot programs. All experimental data are presented as means Ϯ SE unless otherwise specified.
RESULTS
Properties of synaptic transmission at ax
J terminals and the morphology of ax J NMJs. To determine whether the absence Usp14 affects overall synaptic morphology, we examined wild-type and ax J diaphragms. As visualized by fluorescence using a Thy1-YFP transgenic mouse (green) Ͼ60 -70% of the nerve terminals in the diaphragms of the ax J mice were branched and showed no signs of NMJ pathology, as it was previously reported (16) (Fig. 1A) . The postsynaptic acetylcholine receptors from wild-type (n ϭ 13 animals) and ax J mice (n ϭ 8 animals) containing the Thy1-YFP transgene were identified by staining with ␣-bungarotoxin-conjugated with tetramethyl rhodamine (Fig. 1A, were taken using a cut diaphragm preparation to reduce transmission to a level below threshold for muscle action potential generation, thereby preventing contraction. In our previous study (68) , it was reported that ax J mice have defects in CNS synaptic transmission causing changes in short-term synaptic plasticity, represented by a lack of PPF in the hippocampus. As in the CNS, ax J NMJ synapses failed to show PPF using short interpulse intervals (6 to 20 ms; n ϭ 9 animals and 20 end plates) compared with wild-type synapses (n ϭ 6 animals and 20 end plates), which instead continued to show PPF at normal levels of transmitter release. Example traces at 6-to 50-ms intervals are shown in Fig. 1B (top, wild type, and bottom, ax J ), and pooled PPF ratio data showed a significant difference between wild-type and ax J NMJs (Fig. 1C) . This results in a high probability of release in response to the first stimulus (59) . It is also possible that the size of the vesicle pool is decreased causing the entire RRP of vesicles to be released by a single stimulus, leaving no additional vesicles or docking sites for enhanced release by the second stimulus (72) .
To examine these possibilities, the Ca 2ϩ dependence of the release process in the ax J terminals was examined by determining mean EPC amplitudes at different extracellular Ca 2ϩ concentrations. For wild-type NMJs (n ϭ 5 animals and 14 end plates), it was found that the EPC amplitude continually increased as the Ca 2ϩ concentration rose (Fig. 1D) , as previously described by Dodge and Rahamimoff (23) . In contrast, at ax J NMJs (n ϭ 4 animals and 12 end plates) the EPC amplitude increased rapidly to reach a near maximal value at 2 mM Ca 2ϩ , a level consistent with in vivo signaling, yet increasing Ca 2ϩ beyond this concentration did not result in further increases in EPC amplitude (Fig. 1D) . Wild-type junctions (n ϭ 6 animals 12 end plates) exhibited PPF (20-ms intervals) at Ca 2ϩ levels ranging from 0.45-2 mM with lesser facilitation as Ca 2ϩ concentrations rose further (Fig. 1E) . However, ax J junctions (n ϭ 14 animals 26 end plates) only exhibited PPF at low Ca 2ϩ levels and were shifted down at different Ca 2ϩ concentrations (Fig. 1E) . PPF is generally explained as an increase of release probability (P r ) during the second stimulus, arising from prior accumulation of residual Ca 2ϩ near active zones or a lingering effect of Ca 2ϩ on a Ca 2ϩ sensor (44, 72) , whereas a decrease in PPF may be caused by decreases in both release probability and quantal size (15) . A Ca 2ϩ dependence of the paired-pulse ratio and near-saturating EPCs amplitude at 2 mM Ca 2ϩ suggests that the P r might be close to maximum levels at ax J junctions in vivo Ca 2ϩ levels (Fig. 1E) , and a decreased transmitter output could be associated with observed decrease in PPF in ax J NMJ. The ax J terminals are incapable of sustaining normal rates of neurotransmitter release during HFS. Following high stimulation rates (20, 50 , and 100 Hz), NMJs from wild-type mice elicited trains of EPCs that increased in amplitude during the first two to four EPCs (cells voltage clamped at Ϫ70 mV). This increase was normally followed by a reduction in amplitude over the subsequent 5-10 EPCs until a plateau level was reached. The amplitude of the plateau was always less than the maximum EPC amplitude in the train (Fig. 2A) . The average amplitude of the plateau compared with that of the first EPC of the train provided an estimate of the degree of rundown observed during the EPC train. An example of this EPC train rundown (20, 50 , and 100 Hz) in wild-type and ax J terminals is presented in Fig. 2 , A-C. In Fig. 2B , the amplitude of the EPC evoked at 50 Hz in wild-type terminals ran down by an average of 19 Ϯ 2% (n ϭ 10 animals and 41 end plates). In contrast, examination of ax J terminals demonstrated that the EPC rundown was increased to 49 Ϯ 2% (n ϭ 16 animals and 49 end plates; P Ͻ 0.001; Fig. 2D ; Table 1 ). At 100 Hz, this "tetanic fade" or tetanic rundown was more prominent in ax J than wild-type mice at the plateau portion of the train (Fig. 2C) . A similar rapid decline of successive end plate currents during repetitive nerve stimulation was previously reported by several investigators as a characteristic effect of neuromuscular blocking agents (27, 28, 40, 41) , neurotransmission in a transgenic mouse model of slow channel syndrome (11) , in NCAMdeficient mice, and in CD24 mutant mice (32, 47, 48) . Each of these cases results in either blockade of the postsynaptic acetylcholine receptor-associated ion channel and/or alteration in presynaptic function.
To assess any possible contribution of AChR-associated ion channel block to the increased rundown of EPC trains observed in ax J terminals, the EPC decay time constants ( EPC ) were measured throughout the train (50 Hz) at two different holding membrane potentials (Ϫ90 and Ϫ70 mV). In ax J terminals, there was no significant change in EPC during the train at any holding potential (Ϫ70 mV, 2.2 Ϯ 0.12 ms; Ϫ90 mV, 2.53 Ϯ 0.23 ms). Additionally in ax J terminals, the percent rundown of the EPC (50 Hz) amplitude remained independent of the membrane potential (voltage clamped at Ϫ70 mV, 50 Ϯ 2%; n ϭ 16 animals and 49 end plates; and voltage clamped at Ϫ90 mV, 53 Ϯ 1.6%; n ϭ 4 animals and 10 end plates; Table 1 ), suggesting that there was no contribution of acetylcholine receptor-associated ion channel blockade to the EPC rundown. This is in contrast to several nicotinic antagonists that have shown voltage-dependent rundown with changes in the EPC decay time constant during HFS (27) . To compare the effect of nerve stimulation on the amplitude of miniature end plate Relationship between extracellular Ca 2ϩ levels and the amplitude of evoked EPCs is shown for a wild type and an ax J NMJ voltage clamped at Ϫ70 mV. EPC amplitude continually increased as Ca 2ϩ levels rose; in contrast at ax J NMJs the EPC amplitude rose rapidly to reach a near maximal value at the in vivo level of ϳ2 mM and increasing Ca 2ϩ beyond this concentration did not result in appreciably more increase in EPC amplitude (*P Ͻ 0.001). E: ratios of paired-pulse facilitation from wild-type and ax J NMJ at various Ca 2ϩ concentrations. At in vivo Ca 2ϩ levels, lack of facilitation is significant (*P Ͻ 0.001), compared with the wild type NMJ.
currents, MEPCs were recorded before and after the train of stimulation. The MEPC amplitude in ax J and wild-type mice measured before and after the train remained unaltered (Table  1) . Thus ax J end plates exhibited voltage-independent tetanic rundown and no change in posttetanic MEPC amplitude or shortening of EPC decay time ( EPC ). These results suggested that the "tetanic fade" or tetanic rundown observed after Usp14 mutation was not use dependent and that preactivation of AChR was not necessary (3). Thus it appeared that the observed increase in tetanic rundown at ax J NMJs was associated with an alteration of presynaptic function.
Ax J muscle transmission is interrupted by failures. In addition to a significant depression of EPC amplitudes, 27% of ax J end plates also showed an inability to sustain synaptic transmission resulting from HFS (20, 50, and 100 Hz). This transmission failure is shown in Fig. 3 , A-C. The random transmission failures observed at ax J terminals were frequency dependent (Fig. 3D) and more prominent at the end of trains of stimulations (Fig. 3, A-C) . For example, during 50-Hz stimulation a 44 Ϯ 4% transmission failure was observed at the end of the stimulus train compared with the start of the train (32 Ϯ 3.7%; n ϭ 15 animals and 12 end plates).
A similar type of transmitter output failure has been reported during HFS in CD24 mutant mice (32) and NCAM null NMJs (48) . Further, these mice exhibited profound depression along with periods of transmission failures. These studies have suggested that transmission failures may be the result of defects in neurotransmitter release machinery or an inability to propagate nerve conduction, which would then result in failed depolarization of presynaptic terminals. For example, in NCAM-deficient animals and CD24 mutants, these defects were found to be presynaptic in origin (32, 47, 48) and were speculated to result from deregulation of vesicle mobilization/cycling. To determine whether presynaptic release failure and/or conduction failure in motor axons was playing a role in the high-frequency rundown observed in ax J junctions, the researchers performed experiments to isolate these potential defects.
Peripheral nerve conduction and ion channel distribution remain unaltered in ax J mice. Myelinated axons invading muscles are organized into distinct domains that are necessary for saltatory conduction. These domains include the nodes of Ranvier, the internodes, the paranodes, and the juxtaparanodal regions (10, 12) . Voltage-gated sodium (Na ϩ ) channels are concentrated at the nodes of Ranvier, whereas delayed rectifier potassium (K ϩ ) channels are localized in the juxtaparanodal regions. These junctions also contain a Neurexin IV-related protein, Caspr/Paranodin (NCP1). Mice that lack NCP1 exhibit tremors and ataxia (10) , which were reportedly due to K ϩ channel displacement from the juxtaparanodal and paranodal domains. To determine whether loss of Usp14 in ax J mice can affect the distribution of ion channels and contribute to abnormal electrophysiological properties in peripheral nerves, juxtaparanodal and paranodal domains were fluorescently stained and field potential recordings were taken from sciatic nerves.
In ax J mice, the pattern of K ϩ and Na ϩ channel distribution appeared identical to the wild type and largely confined to the nodes of Ranvier (Fig. 3, E and F) . Immunostaining of the paranodal markers contactin-associated protein 2 (Caspr2) and contactin showed no obvious change in distribution in ax J mice compared with wild-type mice (Fig. 3, F and G) . Electrophysiological recording demonstrated that no difference was observed in the characteristics of the CAP after stimulation of sciatic nerves from wild-type and ax J mice. The population conduction velocities evoked at low frequency stimulation (0.2 Hz) obtained from the measured CAP at maximal intensities were the same in wild-type (22.3 Ϯ 2 m/s; n ϭ 12 animals and 20 sciatic nerves) and ax J mice (21.5 Ϯ 1.6 m/s; n ϭ 10 animals and 18 sciatic nerves; Fig. 3H ). The latency and CAP peak-to-peak amplitude also remained the same. When the sciatic nerve was stimulated at high frequency (30 Hz), the ax J nerves were able to effectively conduct (Fig. 3I) . These results indicated that ax J axons could successfully conduct action potentials during HFS, so they cannot explain the observed rundown and failures in neuro-transmission during HFS in ax J mice.
HFS in ax J mice produces a decrease in quantum content and transmitter mobilization. It was previously reported that a combination of low frequency, larger amplitude miniature end plate potentials (a mixtures of both small and giant miniature end plate potentials) and lower quantal content are the characteristic defects at the ax J NMJ (68) . In addition to our previous study, one of the most striking defects in the ax J junction is a failure to sustain optimal transmission over time. This would most likely represent a presynaptic defect in the ability either to release synaptic vesicles or to mobilize vesicles from the RP, after those in the RRP (38, 62, 65) have been exhausted. To confirm that the reduction in quantal content in ax J NMJs is due to a decrease in the acetylcholine mobilization, the quantal content was measured at the start and at the end of highfrequency trains of stimulation (50 Hz), by dividing the EPC amplitude at the start of the HFS train and during the resulting plateau, by the MEPC amplitude recorded just before the EPC train. Results obtained from this series of experiments are presented in Table 1 demonstrating that at the end plates of ax J mice (n ϭ 18 animals and 35 end plates) compared with wild type (n ϭ 16 animals and 30 end plates), quantal content was significantly lowered both at the start (P Ͻ 0.001) and the plateau portion of the train (P Ͻ 0.001). According to Harborne et al. (29) , transmitter mobilization can also be calculated from the plateau portion of the train (mean quantal content multiplied by stimulation frequency). With the use of this method (11, 29) , the transmitter mobilization observed (Table 1) at ax J end plates (n ϭ 35) was significantly lower (P Ͻ 0.001) than that observed with the corresponding controls (n ϭ 30). Thus it appears that transmission failures in ax J NMJs may result from defects in mobilizing synaptic vesicles from the RP to presynaptic release sites.
Synaptic vesicle dynamics are altered in ax J mice. Efficient vesicle membrane recycling, i.e., loading, mobilizing, and release of neurotransmitter, is necessary to sustain normal neurotransmission during HFS at the NMJ. Most synapses exhibit a characteristic rundown of synaptic signals during repetitive stimulation, which has been interpreted as a sequential depletion of readily releasable and reserve vesicle pools (38, 69) . Optical studies using fluorescent dyes in frog (54) and the Drosophila mutant, Shibire (35, 36, 38) , have provided additional support for two recycling pools, the RP and the RRP. Together these constitute the total pool of synaptic vesicles (53, 54) . To understand the vesicular dynamics in ax J mice, two FM dyes, FM1-43 and FM2-10, were selected for their different staining properties (53, 54 ) . The kinetics of FM-dye release after different loading conditions provided further information about release from these two pools. Selective loading of the two pools was achieved by using the fluorescent styryl dye FM1-43 to label the total pool and by using FM2-10 to label the RRP, as described previously (53, 54) (see METHODS).
In Fig. 4A , the muscle/nerve preparation was stimulated for 1 min at 30 Hz in the presence of FM1-43 and the dye was left for 15 min before washing with a high Mg 2ϩ solution. The protocol used (Fig. 4A, top) produced maximally stained terminals with FM1-43. Spots of FM1-43 staining appeared similar (Fig. 4, A and B) in wild-type and in ax J terminals, indicating both terminals could participate in exo-/endocytotic vesicle cycling and activity-dependent uptake of styryl dye.
Comparison of activity-dependent dye uptake of FM1-43 into the nerve terminals of wild-type and ax J mice is illustrated in Fig. 4C . The average fluorescence intensity of the terminals was significantly reduced in ax J mice (n ϭ 11 animals and 551 terminals) compared with their littermate controls (n ϭ 18 animals and 772 terminals). A 21% decrease in total dye uptake in ax J terminals was noted compared with their corresponding controls (285 Ϯ 5.35 and ax J 226.95 Ϯ 5.61 arbitrary units; P Ͻ 0.001; Fig. 4C ), indicating differential loading of dye in ax J terminals. Next, after FM1-43 administration, the ability of terminals to release the dye taken up during 1 min, 30 Hz tetanus was examined. Stimulation of labeled terminals caused dye loss as vesicle exocytosis took place. In Fig. 4, D and E, both wild-type and ax J nerve terminals displayed significant dye loss (FM1-43) after 30-Hz stimulations. The normalized destaining rates obtained from both types of terminals are presented in Fig. 4 F. At time zero, tetanic stimulation began and continued for the duration of the experiment, causing a net decrease in terminal fluorescence as the dye was released. The time course of activity-dependent nerve terminal FM1-43 destaining in wild-type and ax J mice could be well fitted (R 2 Ͼ 0.98) by the sum of two exponentials, suggesting the presence of two vesicle pools, as previously described for rat and mouse NMJs (51, 52 ). An initial, accelerated dye loss followed by a slower decline suggests that the two pools may be released in a strictly sequential fashion during a tetanus (53) . This may be due to the fact that the dye first labels an "immediately releasable" store of vesicles and with time, a fraction of this becomes consolidated in a store with a lower probability of release that is mobilized only during HFS (52) .
Results obtained from these experiments demonstrated a shorter time constant in ax J NMJs (ϳ24 s) compared with the wild type (ϳ30 sec). Interestingly, the slower component of the destaining kinetics of FM1-43 in ax J was more prolonged (ϳ600 s) compared with the wild type (ϳ400 s; P Ͻ 0.01; Fig.  4F ). It appears that in ax J terminals a slower rate of dye loss after HFS could be due to reduced mobilization of the vesicles stored in the RP with a lower probability of release.
The difference in the FM1-43 uptake and destaining pattern evident between ax J and wild-type terminals prompted a closer examination using FM2-10, employing a tetanus, and "quick wash" paradigm (Fig. 4, G-L) . With the use of this protocol (Fig. 4G, top) , only the RRPs were labeled (53) . The protocol consisted of stimulating the preparation for 1 min at 30 Hz with dye present in the bath followed by immediate washing and imaging. A typical dye uptake experiment using wild-type and ax J terminal is shown in Fig. 4 , G and H. A comparison of the mean pixel intensity (Fig. 4I ) revealed a significant reduction (27%; n ϭ 27 animals and 1,151 terminals) in dye uptake in ax J compared with the wild type (P Ͻ 0.01; n ϭ 35 animals and 1,790 terminals). After a quick wash, these terminals were destained by application of 50-Hz stimulations (Fig. 4, J and  K) . The destaining rates from both groups (Fig. 4L) were well fitted by a single exponential (R 2 Ͼ 0.99) indicating the participation of single pool (53) . These observations indicate that, like CD24 mutant mice which also showed transmission failures, a reduced mobilization rate together with a smaller RRP suggests fewer active zones for transmitter release (32) . These alterations could contribute to the reduction in quantal content and observed transmission failure in ax J mice. Overall, in ax J terminals, a decrease in dye uptake and a prolonged decay after FM1-43 destaining suggests that, in addition to a C704 NEUROTRANSMITTER RELEASE IN ATAXIC MICE smaller RRP, there may be a defect in transmitter mobilization from the reserve to the RRP during high stimulus rates.
DISCUSSION
The ataxia (ax J ) mutation is one of the few genetic lesions in the UPS signaling pathway that leads to a neurological phenotype. Loss of Usp14 in mice results in a 30% decrease in the free pool of ubiquitin indicating that Usp14 functions to stabilize ubiquitin by preventing its proteasomal degradation (4). These findings suggest that proteasomal recycling of ubiquitin by Usp14 is required to maintain the ubiquitin levels necessary for normal synaptic function. Recent reports (16) indicate that Usp14 is indispensable for synaptic development and suggest a requirement for local ubiquitin recycling by proteasome to control the development as well as function of NMJs . The transgenic rescue of the ax J mouse with neuronal-specific expression of Usp14 also demonstrated that the full-length form of Usp14 was sufficient to restore viability and motor system function to the ax J mice and indicates that changes in proteasome function may contribute to neurological dysfunction in the ax J mice (18) . Many neurological disorders display changes in protein turnover and synaptic function, indicating that therapies targeted to the UPS may be beneficial for treatment of neurological diseases associated with synaptic function. Recently, transgenic complementation studies (17) to restore ubiquitin levels to the ax J mice showed that neurally expressed ubiquitin corrected abnormal synaptic transmission at the NMJ, indicating that ubiquitin homeostasis is essential for synaptic activity. These findings demonstrate a unique role for Usp14 in regulating synaptic ubiquitin pools and indicate that fluctuations in ubiquitin may contribute to other neuronal diseases that exhibit alterations in protein turnover (17) . Our present study further confirms the fact that ubiquitination of synaptic proteins is important for the normal operation of the neurotransmitter release machinery and in regulating the size of synaptic vesicle pools.
In ax J mice, together with our previous study (16) , 60 -70% of diaphragm muscles of mixed fiber type composition were morphologically less abnormal compared with the distal muscles, probably because it is an active muscle till death. Heterogeneity in FM-dye uptake was reported across NMJs at different fiber types in rat diaphragm muscles The fiber-type differences reflect differences in quantal size and safety factor for neuromuscular transmission (24) . Although similar findings have not been studied for the mouse, heterogeneity in synaptic vesicle pool size and fiber type differences is reported in NMJ ultrastructural studies (25) . A detailed ultrastructural study is needed to understand the important role of ubiquitin proteasome system on vesicular dynamics at type-identified diaphragm muscle fibers in ax J . Our previous study using ax J mice demonstrated defects in synaptic transmission in the central as well as PNS. These included decreased quantal content at peripheral synapses and reduced short-term synaptic plasticity at central synapses (68) . The present result provide additional evidence suggesting that loss of Usp14 is associated with crucial defects in synaptic transmission which may, in turn, be caused by defects in Ca 2ϩ sensitive quantal release and mobilization of neurotransmitter vesicles. Like the CNS, ax J NMJs showed no PPF and transmitter release had an altered sensitivity to extracellular Ca 2ϩ with output saturating at physiological levels. Two factors govern the overall efficiency of transmission: the unitary probability of release (P r ) of individual release sites and the number of functional release sites (N). Ca 2ϩ dependence of the pairedpulse ratio and near-saturating EPC amplitudes at 2 mM Ca 2ϩ suggest that the P r might be close to maximum levels at ax J junction's in vivo Ca 2ϩ levels. A significant alteration of paired-pulse ratios are discussed as the possibility of P r compensation at physiological Ca 2ϩ in mice lacking NCAM or P/Q-type Ca 2ϩ channels (47, 49, 63) . Alternatively, it was also suggested that the absence of PPF may be associated with changes in release machinery, such as the recruitment of synaptic vesicles. Therefore, a significant decrease in vesicle pool size may cause the depletion of the entire RRP by each stimulus resulting in a decrease in PPF. Similar defects in PPF have been reported in mice lacking the presynaptic component, synapsin (55) . Together with the finding that Usp14 is present in the synaptoneurosome fraction, normally enriched in synaptic vesicles, these data are consistent with a role for Usp14 in synaptic function (68) .
The rundown of the EPC amplitude during HFS in ax J mice is also quite a characteristic phenomenon. In previous reports (2, 3, 11, 27-29, 41, 56) , the increased EPC rundown during HFS induced by several nicotinic antagonists (e.g., d-tubocurarine, local anesthetics, or barbiturates) or mutations of the acetylcholine receptor were attributed to either pre-or postsynaptic defects. In ax J muscles, the EPC rundown observed during HFS appeared to be presynaptic in origin since ax J end plates exhibited a voltage-independent tetanic rundown, no change in posttetanic MEPC amplitude, or shortening of EPC decay time ( EPC ). The greater reduction of quantal content observed at the plateau phase of the train compared with littermate controls was also associated with a concomitant reduction in transmitter mobilization. Neurotransmitter mobilization serves as a basic measure of exocytosis; thus the data indicated a defect in neurotransmitter release at ax J nerve terminals.
The observed rundown accompanied with transmission failures seen at ax J NMJs after repetitive stimulation under normal Ca 2ϩ concentrations appears similar to the transmission failures reported in CD24 mutants (32) and NCAM 180 (48)-and NCAM-deficient mice. In these mice, transmission failures result from defects in vesicle mobilization/cycling (47, 48) . The results presented here indicate that these failures are due to the novel combination of abnormally low quantal content, significant depression during repetitive activity, and/or defects in vesicle cycling (32, 47, 48) . Like NCAM 180-and NCAMdeficient junctions, total transmission failures were not due to nerve conduction failure (47, 48) , because direct recording of compound action potentials in ax J mice suggests that axonal conduction block did not contribute to neuromuscular transmission failures during high stimulation rates. However, the branch point failure could still remain a possibility for the observed transmission failure at ax J junctions (47, 61) . The two-paranodal markers Caspr2 and contactin as well as labeling of Na ϩ and K ϩ channels in sciatic nerves revealed no change in distribution in ax J mice; characteristics that were frequently observed in mice with ablated contactin gene expression, ataxia, and extreme hind leg weakness (8, 12) . All these findings suggest that events downstream of Ca 2ϩ influx, such as an inability to deliver vesicles at rates needed to maintain physiological transmission level, may be responsible for the transmission failure at the ax J NMJ. This could be due to alterations in the size of the pool of releasable vesicles (as supported by the FM1-43 data), defects in mobilizing vesicles, or subsequent steps in docking and fusion of vesicles in high rates. The conclusions drawn from these electrophysiological studies were further supported by results of activity-dependent FM-dye uptake into synaptic vesicles at ax J terminals and subsequent destaining during tetanic stimulation. In this study, a significant decrease in FM-dye loading with FM1-43 can be correlated to the electrophysiological findings in ax J terminals that showed that initial depression in the EPC and reduced quantal content observed after HFS might be attributed to a reduction in the total vesicle pool size, specifically the RRP. The rate of FM1-43 loss nerve terminal destaining in wild-type NMJs can be well fitted by the sum of two exponentials (51, 52 ). An initial faster dye loss is followed by a slower decline indicative of two releasable stores of vesicles. These two pools may be released in a strictly sequential fashion during a tetanus (53) . In ax J mice, the prolonged slower component of destaining kinetics could be interpreted as an optical readout of the decrease in vesicle mobilization. The alterations in the size of the RRP, due to reduced mobilization from the RP, may be responsible for the inability to deliver vesicles at rates needed to maintain transmission at high but physiological rates. Mobilization of vesicles from the reserve to the immediately releasable pool helps sustain transmitter release during high-frequency repetitive stimulation (37, 57) , which was affected in ax J terminals. Therefore, a smaller cycling vesicle pool, due to reduced mobilization from the RP, may be responsible for significant reduction of quantal content, thus accounting for the observed transmission defects in ax J NMJ.
Although there are very few reports on the molecular mechanisms involved in ubiquitin protease-dependent regulation of synaptic vesicle mobilization, docking, or release, it has been reported that the activity-dependent alteration in the size of the recycling vesicle pool may be regulated by cAMP/PKA-dependent pathway. This appears to be the case, for example, in Drosophila mutants dunce and rutabaga that have deficiencies in the cAMP pathway (34) . Generally speaking it will be of interest to determine the level at which ubiquitin and cAMP signaling interact in the regulation of vesicle dynamics in the nerve terminal. To this end, animals with mutations in the ubiquitin pathway as we have described here will be important tools in such investigations. Our studies also indicate that the UPS is intimately associated with synaptic function and ubiquitin conjugation is critical for efficient protein turnover at the synaptic terminals. Several E3 ligases have been implicated in the turnover of presynaptic proteins such as RIM1 and synaptophysin (67, 70) . Although the importance of the proteasomeassociated DUB Usp14 in maintaining ubiquitin levels required for both synaptic development and function is clear, further study is needed to understand whether the block in NMJ development in ax J mice is due to reduced protein degradation that is secondary to the ubiquitin deficiency or if other ubiquitin signaling pathways like vesicular transport, kinase activation, and receptor-mediated endocytosis contribute to the motor end plate disease.
In summary, Usp14 is a component of the proteasome and the ax J mice represent a valuable mouse model to examine how changes in proteasome activity affect synaptic function. Although the role the UPS system plays either for regulation of synaptic function in adult neuromuscular junctions and/or normal development is yet to be resolved, this report demonstrates evidence that ubiquitination of synaptic proteins is important for recruitment and the proper regulation of vesicle pool dynamics and also points out the role of ubiquitin protease in this process. This is a very important observation since there is only neuronal culture supporting a role for the proteasome in regulating synaptic vesicle pools. Here we have characterized the phenotype of this synapse, revealing several new and unexpected properties including vesicular dynamics and UPS malfunction. This study is also important because steady dysregulation of synaptic transmission in response to UPS malfunction is reported to contribute to several neurodegenerative diseases (20, 60) . 
